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1. Introduction 
Different non-traditional machining techniques are getting more and more employed  
in manufacturing of complex machine components. Among the non-traditional methods  
of material removal processes, electrical discharge machining (EDM) has drawn a great  
deal of researchers’ attention because of its broad industrial applications (Zarepour, et al., 
2007). 
In this process material is removed by controlled erosion through a series of electric sparks 
between the tool (electrode) and the workpiece (Ghosh & Malik, 1991). The sparks are 
conducted in a dielectric medium. During the spark discharge the dielectric material is 
ionized and allows the electrons to pass, but it should be deionized immediately after the 
spark. In the present study kerosene was used as the dielectric medium. The sparks leads to 
intense heat conductions onto workpiece causing melting and vaporizing of workpiece 
material (Yan & Tsai, 2005). The temperature during EDM may rise from 8000 °C to 20,000 °C. 
This high heat energy can melt almost any material. EDM has become one of the most 
widely used non-traditional machining processes and can be used on any material that 
conducts electricity. EDM is widely used in machining high strength steel, tungsten carbide 
and hardened steel (Wang & Tsai, 2001). These materials are used in making dies and molds 
and it is very difficult to machine them by conventional metal cutting techniques. Fig. 1 
shows that die-sinking applications are typically dominated by plastic injection and various 
other mold fabrications processes. 
EDM may be used to cut and shape hard materials and complex shapes but can cause 
surface damage as the electrical charge flows between the electrode and workpiece material. 
Because there is no mechanical contact between the tool and the workpiece as in traditional 
operation, the hardness, toughness and strength of the workpiece material has minimal 
effect on the material removal rate (MRR).  
EDM is gaining popularity due to the following reasons: 
Machining of Complex Shapes: Complex cavities can often be machined without difficulties 
by EDM. It can be used to machine material with small or odd shaped holes, a large number 
of holes, holes having shallow entrance angles, intricate cavities, or intricate contour.  
Adaptability to Micro-Machining: Micro-EDM has been adopted as one of the most valuable 
techniques for micro-fabrication. Micro- EDM is accepted as an efficient method for the 
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fabrication of precise micro-metal components and holes because of its excellence minimum 
machinable size and diameters of about 5 µm. EDM is the only process capable of machining 
three dimensional micro workpiece of size as small as 0.01 mm. With development of the 
technology micro workpieces find their applications in micro electro mechanical systems 
(MEMS). 
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Fig. 1. Application of EDM die-sinking (Peter Fonda et al., 2007) 
High Degree of Automation: The high degree of automation and the use of tool and 
workpiece changers allow the machines to work unattended for overnight or during the 
weekends. CNC control with feedback is generally used and the automatic electrode and 
pallet changers can be added to EDM machine; thus, the process lends itself to unattended 
and safe operation. 
Accuracy of the Process: EDM is a very accurate machining process. Especially in the case of 
wire-EDM, where the electrode (wire) is constantly renewed with the continuous unwinding 
of the wire (no effect of tool wear and other tool inaccuracies), very accurate structures can 
be machined. In the case of workpiece with a higher thickness, the accuracy and the fine 
surface quality remains the same over the whole thickness of the workpiece, due to the fact 
that the EDM wire is machining with the same process conditions over the total workpiece 
height (Ho and Newman, 2003). 
Insensitive to the Hardness of the Material (Workpiece): The capability of machining hard 
materials is one of the main advantages of EDM, as most of the tools for forging, extrusion, 
die-casting dies and moulds are made of hard materials to increase their lifetime. The recent 
developments in cutting tools for turning and milling and the processes of high speed 
machining allow to machine harder materials than before, but EDM still remains the only 
available process for machining many hard materials. One of the important areas of EDM 
application is in mould and dies making industries. To have a mould with longer life span, 
workpiece material must be very hard. The high hardness of the workpiece is usually 
obtained by a heat treatment. After the treatment, most workpiece cannot be machined  
by conventional processes; EDM is the appropriate technique to manufacture these 
workpiece. 
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Absence of mechanical forces on the workpiece: The EDM-process is based on a thermal 
principle; no mechanical force is applied to the workpiece; it eliminates the mechanical 
stresses, chatter and vibration problem during machining (Ho and Newman, 2003). This 
allows the effective machining of very thin, delicate and fragile workpiece without 
distortion. The large cutting force of the materials removal processes on the convectional 
machines is absent in EDM. 
The electrode is the main part of the EDM process, which is connected to the DC power 
source and is immersed in the dielectric fluid. The two main types of electrode materials are 
copper and graphite. Each of these materials has their own important and distinguishing 
features. Graphite is a widely used electrode material, but unlike most metals it does not 
melt but undergoes sublimation at around 3350°C. This is the reason why graphite shows 
less wear than copper, as there is less thermal damage. Graphite also has superior fabrication 
capabilities. Other materials used for making electrodes are brass, copper-tungsten, 
tungsten carbide, zinc, aluminum, etc. (Kalpakjian 2001; Zaw, 1999). Efforts have been done 
to minimize electrode wear (EW). A metal matrix composite (ZrB2-Cu) was developed 
adding different amount of Cu to get an optimum combination of wear resistance, electrical 
and thermal conductivity of electrodes (Khanra et al., 2007). It was reported that ZrB2-40 
wt% Cu composite shows more MRR with less EW. The electrode material is to be selected 
carefully depending on the work material to machine. The main important properties of 
electrode materials are electrical conductivity and thermal conductivity. During EDM, the 
main output parameters are MRR, EW, wear ratio (WR) and job surface finish (Ra) 
(Marafona & Wykes, 2000; Wang &Tsai, 2001). The suitability of the electrodes is judged 
considering the machining output parameters. EW is quite similar to the material removal 
mechanism as the electrode and the workpiece are considered as a set of electrodes in EDM 
(Ho & Newman, 2003). Due to this wear, electrodes lose their dimensions resulting inaccuracy 
of the cavities formed (Khan & Mridha, 2006). Research works have been conducted to draw 
the relationship of MRR with current, voltage, pulse duration, etc (Ramasawmy & Blunt, 
2001). C. F. Hu et al., 2008 found that MRR was enhanced acceleratively with increasing 
discharge current and work voltage, but increased deceleratively with pulse duration. 
Manufacturing of electrodes of special composition is expensive and not always cost 
effective. In order to maintain the accuracy of machining, EW compensation has been 
reported to be an effective technique, where wear was continuously evaluated by sensors 
and the compensation was made (Bleys et al., 2004). Some researchers have tried to develop 
mathematical models to optimize the EW and MRR (Puertas et al., 2004; Kunieda et al., 
2004). It was reported that MRR can be substantially increased with reduced EW using a 
multi-electrode discharging system. But again, a special electrode involves additional cost. 
In the present study the most common and easily available electrode materials like copper 
and brass were taken under consideration during machining of aluminum and mild steel. 
Wear of the electrode along the direction of movement of the electrode can be compensated 
by imparting additional movement of the electrode. But the wear along the cross-section of 
the electrode cannot be compensated. This phenomenon results inaccuracy in the dimension 
of the cavities made by die-sinking technique of EDM. In the present study an analysis has 
been done to evaluate the EW along the cross-section of the electrode compared to the same 
along its movement. An analysis has also been done on the comparative performance of 
copper and aluminum as electrode materials.  
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2. Heat source models 
A number of different heat input methods have been adopted by various researchers to 
predict the temperature distribution in electrodes. One of the models is disk heat source 
used to simulate heat input into the workpiece surface. The heat source was insulated at the 
outer area and assumed to exist during the pulse on-time. The authors assumed that the 
fraction of the energy transferred to the workpiece is 50%. Tariq & Pandey, 1984 developed 
models assuming that the heat from the plasma channel is transferred to the workpiece or 
electrode by conduction only. About 90% of the total energy liberated is conducted to the 
discharge gap and it was distributed equally between the electrode and workpiece. 
DiBitonto et al, 1989 approximated the heat source by a point instead of a disk for 
conducting heat to the interior. The point heat source can result in pulse with high current 
density and a very small hot spot on the electrode. Uniformly distributed heat source within 
the spark was considered by most EDM researchers, this assumption is not in line with real 
EDM process (Vinod Yadav et al., 2002). This point is buttressed by the actual craters shape 
formed during EDM. Gaussian heat input model gives the best approximation of EDM 
plasma shape, which accounts for its wide usage by EDM researchers. This is evident by the 
works of Marafona & Chousal, 2006. 
 
rsp 
Workpiece
R
qm 
z 
 
Fig. 2. Gaussian heat source model 
For a Gaussian heat distribution, if the maximum heat intensity qm (Fig. 2) is at the axis of a 
spark and its radius (rsp) are known, the heat flux qf at radius R is given by: 
 ( )
2
R4.5
rsp4.45 W IVMHeat flux q R e
2f π (r )sp
⎡ ⎤⎛ ⎞⎢ ⎥⎜ ⎟⎢ ⎥⎜ ⎟⎢ ⎥⎜ ⎟⎝ ⎠⎢ ⎥⎣ ⎦
−
= ×  (1) 
where 
qf = Heat flux (W/ mm2); WM = Fraction of energy utilized by the material (Watt) 
I = Pulse current (Amp); V = Gap voltage (Volt) 
R = Radial distance from the axis of the spark (µm); rsp = Plasma channel radius (µm) 
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2.1 Plasma channel radius 
The extreme high temperature gradient that exists between plasma channel and electrode-
workpiece interface enhances heat conduction through the contact surface. Plasma channel 
with high-energy plasma exhibits spatial and sequential variation at plasma channel- 
electrode-workpiece interface. This leads to variation in energy flux available for conduction 
into the electrode and workpiece (Dibitonto et al., 1989). Plasma channel radius is proportional 
to current, pulse duration, and the proportionality constants and indices depend on inter-
electrode gap, electrode and workpiece materials and as well as dielectric fluid (Marafona & 
Chousal, 2006). 
Measurement of plasma channel radius is extremely difficult due to very high pulse 
frequencies (Vinod Yadav et al., 2002). There are number of different equations used to 
calculate plasma channel radius according to different authors. It was proposed to use Eq 2 
which depends on discharge current and time to calculate plasma channel radius. 
  ( ) m nR t KQ t=  (2) 
 
where 
R = Plasma channel radius (µm) 
Q = Discharge current (Amp) 
exponents m, n and K are empirical constant 
Eq. 3 obtained by Patel et al, 1989 was used to calculate plasma channel radius in EDM 
process. According to the authors, the equation is time dependent with the empirical 
constants K and exponent n given as 0.788 and 0.75 respectively 
 ( ) nR t K t=  (3) 
In the work of Shuvra et al, 2003 it was pointed out that plasma radius varies with time as 
per the relationship in Eq. 4 
 
3
4a Rt=  (4) 
 
where t is time in µs, a is radius in µm and R is the proportionality constant.  
According to Shuvra et al, because they could not have a good estimated value of 
proportionality constant R, they took plasma radius (a) to be 0.75 µm which is equal to the 
radius of the crater. Pandey & Jilani, 1986 in their paper titled, “Plasma channel growth and 
the resolidified layer in EDM” , used Eq. 5 to calculate the plasma radius R. 
 
0.5
E R 4αt1oT tanb 0.5 2K π R
⎡ ⎤−= ⎢ ⎥⎣ ⎦
 (5) 
where Tb = boiling temperature (0C), Eo is the energy density (Watt/ m2) and α is the thermal 
diffusivity (m2/ s). Salonitis et al, 2007 in their works used Eq. 6 to obtained equivalent heat 
input radius which is dependent on the current intensity and pulse on-time duration. 
 0.43 0.44r 2040 (I) (t )sp on= × ×  (6) 
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where rsp is heat input radius in µm, I is current intensity in A and ton is the spark time in µs. 
In the work of Bulent et al., 2006 and Ozgedik & Cogun, 2006 they used Eq. 7 to estimate the 
energy released due to a single spark. 
 E I V tsp on= × ×  (7) 
where 
Esp = Energy released due to one spark (Watt) 
I = Pulse current (Amp) 
V = Gap voltage (Volt) 
ton = on-time (µs) 
According to Bulent Ekmekci et al, 2006 the total energy received by any material due to a 
single spark depends on it thermal conductivity, and is given by Eq. 8. 
 
E W I V tonM M= × × ×  (8) 
where 
EM = Total energy received by the material (Watt) 
WM = Fraction of energy received by the material (Watt) 
3. Experimental details 
3.1 Electrode and work materials 
In the present study copper and brass were taken as the electrode materials. These materials 
have high electrical and thermal conductivity. High electrical conductivity of these materials 
facilitates conducting electrical sparks. Their high thermal conductivity allows the absorbed 
heat to escape easily and thus reduces EW. Moreover, it is easy to machine these materials 
by conventional machining techniques into complex shapes. The electrodes used in the 
present study were 70 mm long with a cross-sectional dimension of 15 mm x 15 mm. The 
major properties of the electrode materials are shown in Table 1. 
 
Electrode 
materials 
Thermal 
conductivity 
(W/ m-°K)  
Melting 
point (°C) 
Electrical 
resistivity  
(ohm-cm) 
Specific heat 
capacity  
(J/ g-°C) 
Copper 391  1083  1.69  0.385  
Brass 159  990  4.7  0.38  
Table 1. Major properties of electrode materials 
The workpiece materials used in the present study were mild steel and aluminum. Their 
chemical composition and major properties are shown in the Table 2 and Table 3 
respectively.  
 
Work materials Chemical composition  
Aluminum Al: 99.9%, Cu:0.05%, Fe:0.4%, Mg:0.05%, Mn:0.05%, Si:0.25%, Zn:0.05% 
Mild steel C: 0.14%-0.2%, Fe: 98.81-99.26%, Mn: 0.6%-0.9%, P: 0.04%, S: 0.05% 
Table 2. Chemical composition of the work materials 
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Work 
materials 
Thermal 
conductivity
(W/ m-°K) 
Melting 
point 
(°C) 
Electrical 
resistivity
(ohm-cm)
Specific 
heat 
capacity
(J/ g-°C)
Hardness
(HB) 
Tensile 
strength
(MPa) 
Yield 
strength 
(MPa) 
Percentage 
elongation 
at break 
(%) 
Aluminum 227  660 2.9 0.9 35 131 124 8 
Mild steel 51.9  1523 1.74 0.472 143 475 275 38 
Table 3. Major properties of work materials 
3.2 EDM machine 
The experimental work were conducted on a die sinking EDM machine of type Mitsubishi 
EX 22 model C11E FP60E. The machine has a rectangular table for mounting the workpiece. 
The electrode is fixed above the workpiece on the tool holder and can be given a vertical 
feed to machine a particular cavity. Usually the electrode is connected to the negative 
terminal and the workpiece is connected to the positive terminal of the power supply which 
is called direct polarity. However, depending on the combination of the electrode and the 
work materials, reverse polarity is also sometimes used. The machine used in the present 
study is shown in Fig. 3.  
 
 
Fig. 3. EDM die sinking machine 
3.3 Dielectric material 
The common properties of dielectric fluids are: The dielectric fluid should have sufficient 
and stable dielectric strength; it should de-ionize rapidly after the spark discharge; it should 
have low viscosity and good wetting capacity; its flash point should be sufficient high to 
avoid any fire hazard; it should not emit any toxic vapours or have unpleasant odours; it 
should maintain its properties under all working conditions; it should be chemically neutral 
to the workpiece, electrode or the work table and it should be easily available at a 
reasonable price. Considering the above factors, kerosene was selected as the dielectric fluid 
in the present study.  
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The product of machining, the tiny debrtis should be removed from the machining zone in 
order to avoid sparks between the electrode and the debrtis. This is done by effective 
flushing system of the dielectric fluid to remove the debrits away from the machining zone. 
Suction flushing of dielectric fluid is preferred when straight vertical walls of the machined 
cavity are needed. The vertical surfaces are produced with a small taper angle of 0.005mm to 
0.05mm per 10mm depth when pressure flushing is employed. However, for machining die 
cavities a small taper angle is desired. In the present study the machine was incorporated 
with circulating emission flushing system coupled with jets of three nozzles in order to 
assure the adequate flushing of the debris from the gap between the tool and the electrode. 
The experimental set-up is shown in Fig. 4. The current tried in the experiments were 2.5 
amps, 3.5 amps and 6.5 amps. The level of voltage used was 10 volts and 5 volts. 
 
 
1 – tool; 2 – dielectric fluid; 3 – workpiece 
Fig. 4. Set-up for the experiments 
Square holes of dimensions of 15 mm x 15 mm were machined with a depth of 3 mm. After 
machining, the wear (Fig. 5) along the direction of the electrode movement (y-direction) and 
across the electrode (x-direction) was measured using an optical microscope Mitutoyo 
Hisomet II. 
 
 
Fig. 5. Electrode wear in x and y directions 
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4. Results and discussions  
4.1 Electrode wear rate 
The present EDM technology allows for a very small level of EW because EW cannot be 
eliminated completely. EW is a critical problem in EDM since the tool shape degeneration 
directly affects the final shape of the product. In addition, the cost of a part manufactured by 
EDM is directly determined by the tool cost, which consists of the raw material cost, the 
production cost and the number of electrodes required for the machining. In most EDM 
operations, the cost of the electrode contributes more than 70% to the total operation cost. Due 
to these reasons, EW should be carefully taken into consideration in planning and designing 
EDM operations. Electrode wear is affected by the precipitation of carbon from the 
hydrocarbon dielectric onto the electrode surface during sparking. The thickness of the carbon 
inhibitor layer made a significant improvement on the EWR with little effect on the MRR.  
As it was mentioned before, during EDM the electrode is connected to the negative terminal 
and the workpiece is connected to the positive terminal of the power supply. Generally, the 
rate of material removal from the cathode is comparatively less than that from the anode 
due to the following reasons (Ghosh & Malik, 1991): 
i. The momentum with which the stream of electrons strikes the anode is much more than 
that due to the stream of the positive ions impinging on the cathode though the mass of 
an individual electron is less than that of the positive ions. 
ii. The pyrolysis of the dielectric fluid (normally a hydrocarbon) creates a thin film of 
carbon on the cathode. 
iii. A compressive force is developed on the cathode surface. 
Therefore, normally, the tool is connected to the negative terminal of the DC source.  
The weight of the electrodes before and after machining gives EW. It can be expresses as 
follows: 
     
 
volume of material removed from the electrode
EWR
machining time
=  
EV EW
EWR
M
−= B A
T
 
where EVB  and EWA  are the volumes of the workpiece before and after machining and 
MT  is the machining time. 
In Fig. 6 to Fig. 9 electrode wear along the cross-sectional direction and along the length of 
the tool has been presented after a machining a cavity of 3 mm depth. Fig. 6 to Fig. 9 shows 
that electrode wear rate increases both in x-direction and y-direction with increase in 
current. It is obvious that a higher current will produce a stronger spark which would cause 
more material to be eroded from the electrodes. It can also be observed that at a higher gap 
voltage an electrode undergoes more wear compared to that at a low gap voltage. 
For example, during machining of aluminum with brass electrode with a current of 3.5 A the 
EW in x-direction is 0.64 mm at a gap voltage of 5 volts (Fig. 6), whereas, under the same 
condition the wear in x-direction is 0.86 mm at a gap voltage of 10 volts (Fig. 8).  
It can be observed that in all cases (Fig. 6 to Fig. 9) wear of the electrodes in y-direction (along 
the length) is less than that in x-direction (along the cross-section) of the electrodes. As it 
was mentioned before, the length of the electrode is 70 mm (in y-direction) and the length of 
each side of the cross-sectional area is 15 mm (in x-direction). As a result the heat generated 
during the spark cannot be transferred into the body of the electrode easily in x-direction 
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Electrode wear in x-direction (V=5 volts)
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Fig. 6. Relationship of current with electrode wear along the cross-section (v=5 volts) 
 
Electrode wear in y-direction (V=5 volts)
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Fig. 7. Relationship of current with electrode wear along the length (v=5 volts) 
 
Electrode wear in x-direction (V=10 volts)
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Fig. 8. Relationship of current with electrode wear along the cross- section (v=10 volts) 
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Electrode wear in y-direction (V=10 volts)
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Fig. 9. Relationship of current with electrode wear along the length (v=10 volts) 
compared to that in y-direction. This results more wear of electrodes in x-direction 
compared to that in y-direction. For the same reason it can be expected that that an electrode 
of a smaller cross-section permits poor heat transfer in x-direction and will undergo more 
wear compared to that of a larger cross-section. Fig. 10 clearly shows that electrode wear 
along the cross-section of the electrode is higher compared to the same along its length 
during machining of aluminum using brass electrodes. 
 
       
   (a) current: 2.5 amps                   (b) current: 3.5 amps                           (c) current: 6.5 amps 
Fig. 10. Wear of brass electrodes; electrode – brass, workpiece – aluminum 
Results of the experiments show that copper electrodes undergo less wear compared to 
brass electrodes. For example, during machining of steel at a current of 3.5 amps and a 
voltage of 5 volts, the wear of copper electrode is 0.29 mm in x-direction, whereas the same 
for brass electrode is 1.5 mm (Fig. 6). This is due to the fact that the thermal conductivity of 
copper (391 W/ m-K) is almost 2.5 times higher than that of brass (159 W/ m-K). This 
facilitates rapid heat transfer through the body of copper electrodes compared to brass 
electrodes. It can also be noted that melting point of copper (1083°) is higher to that of brass 
(990°) that causes less melting and wear of copper electrodes.  
From Fig. 6 to Fig. 9 it can also be observed that during machining of steel both the copper 
and the brass electrodes undergo more wear compared to the same during machining of 
aluminum. It can be mentioned that thermal conductivity of aluminum (227 W/ m-K) is 
almost four times to that of steel (51.9 W/ m-K). As a result the heat generated during each 
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spark is easily absorbed by aluminum compared to that absorbed by steel. This causes less 
wear of electrodes during machining of aluminum compared to the same during machining 
of steel. For example, during machining of steel with brass electrodes at a current of 6.5 
amps and a voltage of 10 volts electrode wear in y-direction is 1.6 mm, while the same is 0.8 
mm during machining of aluminum (Fig. 9).  
4.2 Wear ratio 
Wear ratio (WR) is calculated as the ratio of the material removed from the work to the 
material removed from the electrode. It can be expresses as follows: 
     
100%
      
volume of material removed from the electrode
WR
volume of material removed from the workpiece
= ×  
100%
EV EW
WR
WPV WPW
−= ×−
B A
B A
 
where EVB  and EWA  are the volumes of the workpiece before and after machining.  
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Fig. 11. Relationship of current with wear ratio (v=5 volts) 
 
Wear ratio vs current (V=10)
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Fig. 12. Relationship of current with wear ratio (v=10 volts) 
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Fig. 11 and Fig. 12 illustrate the relationship of WR with current and voltage. It is obvious 
from the figures that WR decreases with increase in current. That means, though a higher 
current causes more removal of work material and the electrode, but comparatively more 
material is removed from the electrode. At a higher current a stronger spark is generated 
producing more heat. The size of the workpiece is massive and heat is easily dissipated 
through it. But since the electrode is a smaller one, heat is accumulated in it resulting high 
temperature and consequently high EW. 
It can also be observed that WR is higher at a lower voltage (Fig. 11) compared to that at a 
higher voltage (Fig. 12). Highest WR of 25.00 was found during machining of aluminum 
using a copper electrode at a current of 2.5 amps and a voltage of 5 volts. The total heat 
generated during a spark is absorbed by the workpiece, electrode, dielectric fluid and the 
machine parts. It is desirable that most of the heat should be absorbed by the work material, 
while the least quantity of heat should be absorbed by the electrode. High thermal 
conductivity of copper electrodes facilitates easy heat transfer and its high melting point 
facilitates low melting of the electrode material. At the same time, high thermal conductivity 
of aluminum facilitates easy heat absorption and its low melting temperature facilitates fast 
removal of work material. These factors result the highest WR during machining of 
aluminum using a copper electrode. The lowest WR of 2.00 was found during machining of 
aluminum using brass electrodes at a current of 6.5 A and a voltage of 5 volts. Thermal 
conductivity of brass is only 1.4 times higher than that of the aluminum workpiece and its 
melting point is approximately 1.5 times higher than that of aluminum. As a result, material 
removal from the aluminum workpiece is comparatively low and the material removed 
from the electrode is comparatively high. Therefore, the WR is only 2.00. From Fig. 11 and 
Fig. 12 it can be concluded that in order of high to low WR of electrode-work pair are: 
copper-aluminum, copper-steel, brass-steel and brass-aluminum.  
4.3 Material removal rate 
The mechanism of material removal in EDM is a sudden violent splash of the molten 
material coinciding with the collapse of the plasma channel. As soon as the spark collapses 
and the hydrostatic pressure of the arc is released and dielectric rushes back to fill the void, 
the pressurized molten metal splatters from the workpiece surface leaving a crater on the 
surface and some splattered fragments around the crater (Shuvra et al, 2003). Material 
removal mechanism can also be explained in terms of the migration of material elements 
between the workpiece and electrode. This could take place in the form of elements 
diffusing from the electrode to the workpiece and vice-versa. 
The use of CNC in EDM has helped to explore the possibility of using alternative methods 
of tooling to improve the MRR. EDM is commonly used for producing complex and deep 3-
D shaped cavity in hard materials which necessitate the use of 3-D profile electrodes, which 
are costly and time-consuming to manufacture for the sparking process. However, in order 
to produce a complex shape a lot of experimental works have been performed with different 
types of electrode configurations to generating different path movement on workpiece 
surfaces by means of controlling the electrode motion. 
Flushing pressure has a considerable effect on MRR and EW. When the dielectric fluid is 
forced at low velocity into the spark gap, short-circuiting becomes less pronounced as a 
result of the accumulated particles. This helps in improving the efficiency and thereby 
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increases MRR. Higher flushing pressure hinders the formation of ionized bridges across the 
gap and results in higher ignition delay and decrease discharge energy and reduces MRR. 
It was found by many researchers that the influential machining factors on MRR are the 
current intensity and voltage. 
Usually EDM is carried out by electrical sparks between the electrode and the workpiece 
using a single discharge for each electrical pulse. Some researchers have carried out 
experiments using a multi-electrode discharging system, delivering additional discharge 
simultaneously from a corresponding electrode connected serially. The design of electrode 
was based on the concept of dividing an electrode into multiple electrodes, which are 
electrically insulated. The energy efficiency were claimed to be better than the conventional 
EDM without any significant difference in work suface finish. 
Material removal rate is expressed as the ratio of the difference in volume of the workpiece 
before and after machining to the machining time, i.e.: 
 
      
  
volume of material removed from the workpiece
MRR
machining time
=  
WPV WPW
MRR
M
−= B A
T
 
 
where WPVB and WPWA are the volumes of the workpiece before and after machining 
and MT  is the machining time. 
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Fig. 13. Relationship between current and MRR 
Relationship of MRR with current during machining of aluminum and steel using brass and 
copper electrodes are illustrated in Fig. 13. It is to be noted that at a low current MRR is very 
low, but with increase in current MRR increases sharply. At a low current, a small quantity 
of heat is generated and a substantial portion of it is absorbed by the surroundings and the 
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machine components and the left of it is utilized in melting and vaporizing the work 
material. But as the current is increased, a stronger spark with higher energy is produced, 
more heat is generated and a substantial quantity of heat is utilized in material removal. 
However, the highest material removal rate was observed during machining of aluminum 
using copper electrodes. Comparatively low thermal conductivity of brass as an electrode 
material doesn’t allow absorbing much of the heat energy and most of the heat is utilized in 
removal of material from aluminum workpiece of low melting point. But during machining 
of steel using copper electrodes, comparatively smaller quantity of heat is absorbed by the 
work material due to its low thermal conductivity. As a result MRR becomes very low. 
4.4 Micro cracks 
During the spark discharge in EDM the temperature is usually in the range of 8,000°C to 
20,000°C. After the spark the work surface is immediately cooled rapidly by the dielectric 
fluid. Repeated heating to a very high temperature followed by rapid cooling develops 
micro-cracks on the work surface. Micro-cracks on the work surface are a major problem in 
EDM. They strongly influence on the fatigue strength of the part machined by EDM. Micro-
cracks in the surface and loose grains in the subsurface resulted from thermal shock causes 
surface damage and leads to degradation of both strength and reliability. Comparing the 
SEM images in Fig. 14 it can be observed that more micro-cracks were formed during EDM 
with a higher current of 6.5 Amp as shown in Fig. 14 (a) compared to that with a low current 
of 2.5 Amp as illustrated in Fig. 14 (b). More heat is developed during EDM at a higher 
current heating the work surface to a higher temperature followed by rapid cooling. As a 
result more micro-cracks are found at a higher current. A larger ton results more cracks as it 
can be observed comparing the Figs. 14 (c) and 14 (d). However, it was suggested by Lee & 
Tai, 2003 that when the pulse voltage is maintained at a constant value of 120 V, it is 
possible to avoid the formation of cracks if machining is carried out with a current in the 
range of 12-16 A together with pulse duration of 6-9 µs. 
4.5 Recast layer 
There are three layers created on the top of the base metal which are spattered EDM surface 
layer, recast layer and Heat Affected Zone (HAZ). Recast layer consists of dielectric fluid, 
molten electrode and molten workpiece that are melted during EDM machining and 
solidified. Usually recast layer has a higher hardness when compared to the base metal. The 
recast layer is also known as white layer because it often appears as a bright white layer in a 
sectional view under magnification. It occurs as the second layer under the spattered EDM 
surface layer. This layer is formed by the un-expelled molten metal solidifying in the crater. 
The recast layer is usually very thin and it can be removed by finishing operations. Recast 
layer can cause problems in some applications due to stress cracking or premature failure. 
Recast structure greatly affects die fatigue strength and shortens its service life. This is 
because the recast layers have micro-cracks and discharge craters that cause bad surface 
quality. HAZ consists of two layers: a hardened layer and the annealed layer. The depth of 
the hardened layer depends on the machining conditions. Usually the depth is 0.002mm for 
finish cut and 0.012 mm for rough cut. Below the hardened layer there is a layer which was 
cooled slowly and as a result, the layer is annealed. Its hardness is 2 to 5 points below the 
same of the base metal. Its thickness may be 0.05mm for finish cut and 0.2mm for rough 
cut. 
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(a) I=6.5 Amp; ton=10 µs 
   
(b) I=2.5 Amp; ton=10 µs 
 
(c) I=2.5 Amp; ton=10 µs 
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(d) I=2.5 Amp; ton=3 µs 
Fig. 14. Influence of current and pulse-on time on micro cracks 
As stated above, a higher current and a higher pulse-on time produce a spark with more 
energy, melt more materials from the workpiece and the electrode. Consequently higher 
thickness of recast layer is found at a current of 6.5 Amp, Fig. 15 (a) compared to that at a 
current of 2.5 Amp, Fig. 15 (b). Similarly, thickness of the recast layer was found to be at a 
higher pulse-on time, Fig. 15 (c) compared to that at a shorter pulse-on time, Fig. 15 (d). 
Hwa-Teng Lee et al., 2004 also stated that Ra and average white layer thickness tend to 
increase at higher values of pulse current and ton. However, they found that for extended 
pulse-on duration MRR, Ra and crack density all decrease. 
 
 
(a) tav 22.1 µm: I= 6.5 Amp; ton =10µs 
  
(b) tav 18.1 µm: I= 2.5 Amp; ton=10 µs 
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(c) tav 21.3 µm: I= 2.5 Amp; ton=10 µs 
  
(d) tav 12.5 µm: I= 2.5 Amp; ton=1.5 µs 
Fig. 15. Thickness of recast layer at different machining conditions 
5. Conclusion 
From the above discussions the following conclusions can be drawn: 
1. Electrodes undergo more wear along its cross-section compared to that along its length. 
2. Electrode wear increases with increase in current and voltage. Wear of copper 
electrodes is less than that of brass electrodes. This is due to the higher thermal 
conductivity and melting point of copper compared to those of brass. 
3. During machining of mild steel, electrodes undergo more wear than during machining 
of aluminum. This is due to the fact that thermal conductivity of aluminum is higher to 
that of mild steel which causes comparatively more heat energy to dissipate into the 
electrode during machining of mild steel. 
4. Wear ratio decreases with increase in current, but decreases with increase in gap 
voltage. The highest wear ratio was found during machining of aluminum using a 
copper electrode. 
5. MRR increases sharply with increase in current. In the present study, highest MRR was 
obtained during machining of aluminum using a brass electrode. 
6. Micro cracks are found on the machined surface. The tendency of formation of micro 
cracks increases during EDM with a higher current and larger pulse-on time. 
7. A recast layer was found on the machined surface which consists of the molten 
materials from the workpiece and the electrode that could not be flushed away 
completely by the dielectric fluid. A thicker layer of recast layer was formed on the 
work surface machined with a higher current and pulse-on time.  
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